The Grains for Health FoundationÕs Whole Grains Summit, held May 19-22, 2012 in Minneapolis, was the first meeting of its kind to convene >300 scientists, educators, food technologists, grain breeders, food manufacturers, marketers, health professionals, and regulators from around the world. Its goals were to identify potential avenues for collaborative efforts and formulate new approaches to whole-grains research and health communications that support global public health and business. This paper summarizes some of the challenges and opportunities that researchers and nutrition educators face in expanding the knowledge base on whole grains and health and in translating and disseminating that knowledge to consumers. The consensus of the summit was that effective, long-term, public-private partnerships are needed to reach across the globe and galvanize the whole-grains community to collaborate effectively in translating whole-grains science into strategies that increase the availability and affordability of more healthful, grain-based food products. A prerequisite of that is the need to build trust among diverse multidisciplinary professionals involved in the growing, producing, marketing, and regulating of whole-grain products and between the grain and public health communities.
Introduction
This paper summarizes the state of whole-grains research in relation to health and disease, including the challenges and opportunities that educators face in disseminating that knowledge to consumers, barriers to increasing consumption of whole grains, food technology, and agricultural issues to be considered when striving to increase the amount of whole grains in food products.
Background
The concept that an association exists between whole-grain consumption and health dates back to Hippocrates, who spoke favorably about ''coarse'' bread. Sylvester Graham advocated whole grains as a health food in the early 1800s. Dietary teachings of the Seventh Day Adventists religion, dating from the mid-1800s, included eating whole grains. In the United Kingdom, a medical practitioner named Thomas Allison advocated the consumption of unrefined flour and developed a whole-grain loaf specifically for health improvement. John Harvey Kellogg and Will Keith Kellogg, founders of Kellogg Company, were part of the modern day whole-grains movement. The practice of stripping the bran and germ from grain, leaving the much less nutrient-dense endosperm, occurred only in the last several hundred years. Prior to that time, whole foods were the norm and only whole grains were available for consumption. Later, refined-grain products were rare and available only for the wealthy. With the advent of steel roller milling, refined-grain flours became the norm in westernized countries. Whole grains today may include barley, bulgur, corn (including popcorn), rice, rye, oats, millet, sorghum, teff, triticale, wheat, and wild rice as well as the so-called ''pseudo grains'' amaranth, buckwheat, and quinoa.
Despite recent efforts in the US by the USDA through the 2010 U.S. Dietary Guidelines for Americans (DGA) 16 (1) and MyPlate (1) to encourage Americans to consume one-half of the recommended 6 servings of grain-based foods per day as whole grains (48 g/d) , the median intake of U.S. adults is about one-half serving or 8 g/d (3) . Less than 1% of the U.S. population consumes the recommended intake of 3 servings (48 g)/d and 20% of individuals report consuming no whole-grain products (4). Jensen et al. (5) reported the median whole-grain intake among the men and women in the Health Professionals FollowUp Study and the NursesÕ Health Study II to be 22.3 g/d. In men, whole-grain intake ranged from 0.4 to 124 g/d (median, 23.4 g/d) and in women it ranged from 3.1 to 77 g/d (median, 21.9 g/d). By comparison, SwedenÕs adult population consumes an average 42 g/d of whole grains, Denmark 36 g (6-8), Britain 14-16 g, and France 7.3 g (9) . However, gaps exist between recommendations and intakes in several countries for both children and adults ( Table 1) .
Greater incorporation of whole-grain foods into the diet can improve overall diet quality ( Figs. 1 and 2 ). Using data from the NHANES, it was found that for both children and adults, diet quality improved with increasing consumption of whole grains. Specifically, intakes of most nutrients, including thiamin, riboflavin, vitamin A, and vitamin E were higher and sugars, SFAs, and sodium were lower among those who consumed $3 servings of whole grains/d (4,10) (Figs. 1 and 2). A recent survey conducted by the U.S. Academy of Nutrition and Dietetics determined that in the last 5 y, the indicated consumption of whole grains remained constant for 45% of those Americans surveyed and had decreased for 7% of the U.S. sample. Whereas 71% of American consumers believe they consume enough whole grains, 9 of 10 do not meet the whole-grains recommendation (11) .
The 2010 DGA recommendation to consume more whole grains is based on the 2010 U.S. Dietary Guidelines Advisory Committee Report (3) , which concluded that intake of whole grains protects against several major chronic diseases (1) . As such, recommendations to increase whole-grain consumption require the food industry supply chain to grow, manufacture, and sell more whole-grain foods that promote health and contribute to an appropriate energy balance.
There has been an increase in chronic diseases worldwide in recent years, including cardiovascular disease (CVD) and diabetes as well as a rise in obesity and metabolic syndrome. National, regional, and global trends in abnormal blood sugar, metabolic syndrome, obesity, and diabetes are rising sharply worldwide (12) (13) (14) . Chronic diseases now constitute the leading causes of global mortality and have commanded the attention of the United Nations and world leaders (15, 16) . Simultaneously, there is a growing body of evidence that dietary intake of whole grains may play a role in weight management and reducing the risk of CVD, diabetes, and hypertension (17) .
Several countries in addition to the US recommend consumption of whole grains, including Australia, Austria, Bulgaria, Canada, China, Denmark, Germany, Greece, Hungary, Iceland, India, Ireland, Latvia, Mexico, Namibia, Netherlands, Norway, Oman, Singapore, Sweden, Switzerland, and the UK. However, far fewer provide a regulatory definition for whole grains or for whole-grain foods. The US has established a definition for what constitutes a whole grain, first developed in 1999 by the American Association of Cereal Chemists International and adapted by the FDA: ''intact, ground, cracked or flaked fruit of the grain whose principal components, the starchy endosperm, germ and bran, are present in the same relative proportions as they exist in the intact grain'' (18, 19) . The European HEALTHGRAIN Forum defined whole grains as consisting of the intact, ground, cracked, or flaked kernel after the removal of inedible parts such as the hull and husk. The principle anatomical components, the starchy endosperm, germ, and bran, are present in the same relative proportions as they exist in the intact kernel (20) . Establishing a universally accepted definition is a priority, because it would provide clarity for food manufacturers, aid in health promotion efforts, and protect consumers from false and misleading claims.
Research on Whole Grains and Health
Findings from observational studies suggest that consumption of 2-3 servings of whole grains per day is sufficient to demonstrate beneficial health effects, such as reduced risk of CVD, type 2 diabetes, and overweight and obesity. The 2010 U.S. Dietary Guidelines Advisory Committee reviewed the available evidence and concluded that there was moderate evidence that wholegrain consumption is associated with a reduced risk of CVD and lower body weight and limited evidence that it is associated with a reduced risk of type 2 diabetes (21) . The German Nutrition Society recently ranked the evidence on whole grains and health and determined that there is convincing evidence that wholegrain consumption reduces total and LDL cholesterol, probable evidence that it reduces the risk to type 2 diabetes, possible evidence that it reduces the risk of obesity in adults, but insufficient evidence that it reduces the risk of metabolic syndrome (22) . However, more dietary intervention studies with appropriate end points and surrogate biomarkers are needed to define the scope and scale of the benefits. Observational studies often are able to detect only small differences in health outcomes, because the highest whole grain intakes among most populations, especially U.S. populations, are relatively low. In addition, more studies are needed to better understand the mechanisms of action behind the association of health benefits with whole grains. There is also a pressing need to identify biomarkers for consumption of individual whole grains and whole grains collectively. Another major challenge to overcome for both epidemiological and dietary intervention studies is the lack of a comprehensive whole-grains database providing the whole-grains content of individual foods, which would allow a more accurate assessment of whole-grains intake.
CVD. Over the past several decades, CVD has risen to become the single largest cause of death worldwide, representing 30% of all deaths (17 million/y) (23) . One of the earliest observational studies by Morris et al. (24) in 1977 found a strong inverse relationship between brown bread/fiber consumption and incident coronary heart disease (CHD). In 1992, Fraser et al. (25) studied a population of Seventh Day Adventists and found an inverse relationship between CHD and a preference for wholewheat bread. A Finnish study of rye food intake by men and the large, prospective Iowa WomenÕs Health Study found that whole-grain food intake was associated with a 25-30% reduced risk for CHD (26, 27) . Liu et al. (28) examined whole-grain intake and risk of CHD as part of the NursesÕ Health Study and noted that whole-grain intake was associated with an almost 50% decreased risk of CHD. These early studies were among those that formed the basis for a whole-grain authoritative statement health claim initiated by General Mills, Inc. and approved by the FDA in July, 1999 (29) , which says, ''Diets rich in whole grain foods and other plant foods and low in total fat, saturated fat, and cholesterol, may help reduce the risk of heart disease and certain cancers.'' Whole-grain foods eligible for the claim have been defined by the FDA as foods that contain $51% whole-grain ingredients by weight per reference amounts customarily consumed (RACC) (29) . Other than in the US, there are no approved wholegrain health claims. Since those early studies, interest in whole grains and health has increased and several epidemiological studies have demonstrated consistent inverse associations with disease, extending to diabetes (30) and inflammatory disease (31, 32) .
A meta-analysis of 7 prospective cohort studies with quantitative measures of whole-grains consumption and clinical cardiovascular outcomes indicated that consuming an average of 2.5 servings/d of whole grains was associated with a 21% lower (34) . Among women diagnosed with type 2 diabetes, a protective association was observed between whole-grain consumption, particularly bran, and mortality from all causes and CVD-specific mortality (34) . Published shortly after the summit, a systematic examination of longitudinal studies investigating whole-grains intake in relation to CVD suggested a 21% lower risk among those who consumed 48-80 g whole grains (3-5 servings) compared with never/rare consumers (35) .
CVD risk factors. Hypertension is a major risk factor for CVD and several prospective studies have indicated a remarkably consistent association between whole-grain consumption and reduced blood pressure (36, 37) , even in young adults (38) . Generally, as intake of whole grains increases, blood pressure decreases. When translated into whole-grain servings, consuming $4 servings/d of whole grains is associated with a 23% lower risk of incident hypertension (36) . Evidence from randomized, controlled trials has not been as consistent in supporting an association between higher wholegrain consumption and lower blood pressure. Two recent studies observed reductions in blood pressure in healthy, middle-aged participants consuming 48 g/d of whole grains for 3 or 12 wk (39,40). Tighe et al. (39) studied a group of middle-aged, healthy individuals in a randomized controlled trial, providing a 4-wk run-in period with a refined diet followed by a wheat or wheat + oats group for 12 wk. In this study, daily consumption of 3 portions of whole-grain foods significantly reduced systolic blood pressure. A smaller randomized, crossover pilot study of 14 healthy, normal-weight adults eating 48 g of whole-grain wheat for 3 wk found no change in other parameters reported. Importantly, this study observed that a lower systolic blood pressure observed after the whole grains intervention occurred in individuals who were normotensive on recruitment and therefore this was a clinically significant change (40) . Consumption of breakfast cereals and incident hypertension was also assessed as part of the PhysicianÕs Health Study. Breakfast cereal consumption of $7 servings/wk, especially of whole-grains cereal, was associated with a significantly lower risk of hypertension in middle-aged adult males (41) .
As part of the ongoing GrainMark dietary intervention study in the UK, blood pressure was found to be lower among participants when consuming 6 servings/d (96 g) of whole-grain wheat or rye than when consuming 3 servings/d (48 g), and both groups were lower than when no whole grains were consumed (42) .
Not all studies have found a direct association between whole grains and blood pressure. The WHOLEheart study (43) , a randomized, controlled dietary intervention of 316 overweight, healthy adults consuming <30 g/d of whole grains for 16 wk, 60 g/d for 16 wk, or 60 g/d whole grain for 8 wk, followed by 120 g/d for 8 wk, found that whereas markers of cardiovascular risk (BMI, percentage body fat, waist circumference, fasting plasma lipid profiles, glucose and insulin, inflammatory markers and endothelial function) decreased at 8 and 16 wk with a greater consumption of whole grains, none changed significantly. However, participants appeared to include whole-grain foods as additions to, rather than substitutions for, refined grains in their regular diets. In addition, the participants reported increased energy intakes. It is possible that if isoenergetic diets had been maintained, a corresponding decrease in risk factors may have been observed consistent with other studies. Alternatively, the health effects of increasing whole-grain consumption might have been more pronounced if the participants were at an elevated risk for hypertension, type 2 diabetes, or metabolic syndrome. However, this study was conducted in healthy adults (44) .
In a 12-wk trial of 79 overweight or obese postmenopausal women, participants consumed a diet in which whole grains replaced refined grains as part of an energy-restricted diet that was then compared with consumption of a diet consisting mainly of refined grains; serum total and LDL cholesterol increased with the refined-grains diet but not the whole-grains diet (45) . In a study of 50 obese men and women with metabolic syndrome and following a hypocaloric diet with or without whole grains, only the group receiving whole grains experienced a significant reduction in C-reactive protein, a potentially important biomarker of transient inflammation and one of many factors that may indicate risk of CVD events (46) . Wholegrains consumption may also lower serum concentrations of homocysteine, another predictor of CVD risk (47) . In a small, clinical study of 11 overweight, hyperinsulinemic, nondiabetic men and women, Jacobs et al. (48) suggested that increased consumption of whole grains raised serum enterolactone concentrations. Enterolactone, the most abundant lignan in humans, may have the potential to reduce risk for chronic diseases, including CVD (49) .
The summit concluded that the current evidence is strong and consistent to suggest that whole-grain consumption has a beneficial effect on decreased CVD risk and death from CVD, possibly via a reduction in total and LDL cholesterol and blood pressure. However, additional research is needed to identify other possible mechanisms of action, including improved glycemic control, insulin sensitivity, endothelial function, and reduced inflammation as well as elevated concentrations of enterolactone, which may have the potential to reduce the risk for several chronic diseases, including CVD (49).
Weight management. More than half a billion adults worldwide are overweight or obese and at least 2.8 million people die each year as a consequence (23) . Sixty-five percent of the worldÕs population lives in countries where overweight and obesity kill more people than underweight (50) . Prospective epidemiological studies are quite consistent in showing a relationship between whole-grain consumption and a lower BMI and improved weight regulation over time (51) . However, whole-grain consumption often results in subtle differences in weight gain, rather than weight loss, and it is unclear whether whole-grains consumption is simply a marker of a healthier lifestyle or a unique factor favoring lower body weight.
It is possible that relatively small decreases in the digestible energy of whole-grain foods relative to refined grains account for the effect (52) . This difference is largely due to the digestibility of starch, i.e., resistant starch, which accounts for a reduction of 2 kcal/g in the metabolizable energy. This could translate to significant differences in body weight, but long-term studies are required to evaluate the effect of whole grains on body weight regulation, weight gain, fat deposition, and appetite regulation.
As part of the Health Professionals Follow-up Study, researchers found that for every 40-g/d increment in whole-grain intake, weight gain was reduced by 0.49 kg over an 8-y period (53) . The prospective NursesÕ Health Study examined the intakes of dietary fiber and whole or refined grain products and weight gain over time and found weight gain to be inversely related to intake of high-fiber, whole-grain foods, but positively related to the intake of refined-grain foods (54) . The systematic analysis by Ye et al. (35) revealed that whole-grain consumers experienced consistently less weight gain during the 8-to 12-y follow-up compared with never/rare consumers.
Weight-loss intervention trials have not been as encouraging, possibly because of the relatively small differential energy values of whole and refined grains. Several studies conducted in obese or overweight adults, lasting from 4 to 12 wk, reported no differences in weight loss in whole grain compared with control diets (46, (55) (56) (57) . Kristensen et al. (45) discovered no difference in body weight changes between overweight and obese postmenopausal women consuming either whole grains or refined grains, but the whole-grains group experienced a greater reduction in the percentage of fat mass. A study of obese men and women consuming hypocaloric diets found no difference in weight loss whether the participants consumed whole grains or refined grains (46) . A small pilot study of 14 healthy, normalweight adults consuming 48 g of whole grains daily for 3 wk revealed no changes in weight associated with whole-grains consumption (40) . However, a randomized, controlled trial of 144 overweight and obese adults found that although weight loss did not differ between those consuming 2 portions/d of whole-grain ready-to-eat oat cereal or an energy-matched lowfiber food, those consuming the whole-grain cereal experienced a significant decrease in waist circumference (57) . A crosssectional examination of whole-and refined-grain intakes, waist circumference, and abdominal subcutaneous adipose tissue and visceral adipose tissue among Framingham Heart Study participants found that an increased intake of whole grains was associated with lower visceral adipose tissue in adults (58) .
There is little research in children (59, 60) to examine wholegrain intake and risk for chronic disease. However, a recently published study found that among children 2-7 y of age, those who consumed >1.5 servings/d of whole grains had a 40% lower risk of being obese compared with children who consumed <1 serving/d (61) .
The evidence to date suggests that regular consumption of whole grains may aid weight regulation and lessen accumulation of abdominal adipose tissue. Several possible mechanisms have been suggested, including lower energy density of whole-grainbased foods, lower glycemic index, increased satiety signals via fermentation of nondigestible carbohydrates in the intestinal tract, modulation of intestinal microflora, and reducing insulin secretion compared with refined grains (51, 58) . There is a need for long-term studies to evaluate the effect of whole grains on body weight regulation, weight gain, fat deposition, and appetite regulation.
Diabetes. The International Diabetes Foundation predicted that by 2030, almost 10% of the worldÕs population will have diabetes (62) . Consumption of whole grains has been associated with a reduced incidence of type 2 diabetes in several large prospective cohort studies (30) .
A systematic review of the prospective NursesÕ Health Studies I and II, which included almost 162,000 U.S. women enrolled without a history of diabetes, found a relative risk of 0.63 for developing type 2 diabetes over time when comparing the highest quintile of whole-grain intake with the lowest (30) . When intake of bran and germ was delineated, associations for bran intake were similar to that for whole-grain intake, whereas no such association was observed for intake of germ. In the same paper, de Munter et al. (30) pooled data for 6 cohort studies that asserted a 2-serving/d increment in whole-grain consumption was associated with a 21% decrease in risk of type 2 diabetes after adjustment for potential confounders and BMI.
A recent systematic examination by Ye et al. (35) of 45 prospective cohort studies reported a 26% lower risk of type 2 diabetes among those consuming 48-80 g/d whole grains (3-5 servings) compared with never/rare consumers.
Higher whole-grain intake may improve intermediate markers of diabetes risk, such as fasting and postprandial measure of insulin and glucose. Several short-term intervention trials compared whole with refined grains on diabetes risk factors, but the results from these trials were inconsistent, perhaps due to variation in participant type (overweight, general population, diabetes, CHD, weight loss) or study duration. In one of the early intervention trials that compared whole grains with refined grains, Pereira et al. (63) found that overweight and obese adults consuming 6-10 servings/d of whole grains experienced 10% lower fasting insulin concentrations compared with those consuming the same number of daily servings of refined grains.
Jang et al. (47) randomly assigned 76 male patients with coronary artery disease to either a control diet or a diet containing 70 g of whole grains and legume powder each day for 16 wk. Men consuming the meal containing 70 g of whole grains and legume powder experienced reductions in serum glucose and insulin of 24 and 14%, respectively, based on fasting and 2-h postprandial glucose tolerance tests.
As part of the Sysdimet study in Finland, men and women with impaired glucose metabolism and at least 2 other features of metabolic syndrome participated in a 12-wk, parallel dietary intervention (64, 65) . Compared with those randomized to a control diet, those participants following a diet rich in whole grains (50% cereal grain products, whole grain snack bar) and low-insulin-response whole-grain products, bilberries, and fatty fish experienced improved glucose metabolism and improved markers of endothelial function and inflammation. The researchers concluded that the diet may contribute to a reduced risk of developing type 2 diabetes and possibly improve endothelial dysfunction and inflammation in high-risk persons.
Additional studies are needed to better understand the complex relationship that exists between whole grains and the risk of type 2 diabetes and identify potential mechanisms of action. Whole-grain consumption may reduce risk by lowering insulin and blood glucose concentrations and reducing inflammation.
Colorectal cancer. Colorectal cancer is the third most common cancer in men and the second most common cancer in women worldwide (66) . The accumulated data suggest that diet is an important factor in determining risk. The U.S. FDA whole-grain authoritative statement health claim cited previously, which was allowed by the FDA in July, 1999 (19) , includes cancer as well as heart disease. The evidence is less convincing for an association between consumption of whole grains and colorectal cancer than for whole grains and CVD. Among the >133,000 men and women who participated in the Cancer Prevention Study II Nutrition Cohort, no association was found between intake of whole grains and colon cancer risk. Quintiles of whole grain intake ranged from a low of 0.8 servings/wk to 14.5 servings/wk (67) . Higher intakes of whole grains may be necessary to reduce the risk of developing colon cancer. A cohort study of 61,433 Swedish women found that those who consumed at least 4.5 servings/d (31.5 servings/wk) of whole grains compared with those who consumed <1.5 servings/d (10.5 servings/wk) had a 33% lower risk of colon cancer (68) . Several studies have examined the association between whole-grain intake and a moderately reduced risk of colon cancer (69, 70) .
An earlier review and meta-analysis of case-control studies of whole-grain intake and cancer reported a significant inverse association between high intakes of whole grains and colon cancer and polyps (27) . A systematic review of 6 prospective studies showed an increment of 3 servings/d of whole grains was associated with a 17% lower risk for colorectal cancer (71) . It is possible that studying dietary patterns that include whole grains, such as the Dietary Approaches to Stop Hypertension (DASH), are relevant. Fung et al. (72) assessed the association between adherence to a DASH-style diet and risk of colorectal cancer among participants of the Health Professionals Follow-up Study and the NursesÕ Health Study. Adherence to the DASH diet was associated with a lower risk of colorectal cancer.
Overall, there appears to be an inverse association between consuming whole grains and adhering to dietary patterns that include whole grains, and a reduced risk for colon cancer. Whole grains may reduce risk of colon cancer via synergistic effects of several antimutagenic and anticarcinogenic compounds they contain and by the action of SCFAs. This is supported by an animal study published after the summit that demonstrated opposition to genetic damage (a prerequisite for oncogenesis) by whole-grain, high-amylose wheat (73) . This effect appeared to be through SCFAs produced by fiber fermentation, specifically butyrate. In addition, insoluble dietary fiber and lignans may adsorb or dilute potential carcinogens (74) .
Most studies to date have relied on FFQs to assess dietary intake. However, measurement errors associated with the use of FFQs may obscure associations between dietary intake and risk of chronic disease, such as colon cancer. Based on memory, FFQs may either over-or underestimate actual consumption. Intervention studies to investigate the health-specific effects of whole grains on colon cancer may not be feasible given the long-term nature of cancerÕs development and progression. This explains in part the dependence on animal models to study the potential of dietary factors to modify colorectal cancer risk and suggests that findings to date may actually be conservative estimates of underlying risk reduction. Future studies should incorporate correction for measurement error in the analyses (71) .
Gastrointestinal health. The intestinal tract is one of the more challenging organs of the body to maintain homeostasis because of its continuous exposure to pathogens and toxins. Several factors affect digestive health, including diet, environmental factors, age, and genetics. Whole grains, principally nonstarch polysaccharides, oligosaccharides, and resistant starch, are the main dietary substrates for the bacterial species that ferment undigested dietary components in the intestinal tract (75) . The principal products of this fermentation are SCFAs: acetate, proprionate, and butyrate (75) . The SCFAs appear to have specific roles in maintaining immune health, which, in turn, controls common pathogens and assists diarrhea management, colonic neuromuscular activity, and oncogenesis in the gut (75) .
Fiber also plays a role in characterizing the microbiome in the gut and in modulating gastrointestinal motility. Among the other compounds in whole grains that can affect gastrointestinal health include phenolic acids, flavonoids, carotenoids, lignans, vitamin E, inulin, oligosaccharides, and b-glucan (74) .
Several studies have found that daily consumption of wholegrain wheat (76), whole-grain maize (77), whole-grain oats (78) , and soluble corn fiber (79) have a prebiotic effect on the human gut microbiota composition. It is likely the sum of the parts of whole grains contribute to gastrointestinal health (42) . The large bowel microbiome of humans plays a prominent role in host health. Dietary strategies to manipulate that microbiome in a positive manner need to be identified (80).
Epidemiological vs. intervention studies yield inconsistent findings. Although there is a broad consensus on the population data, the results of intervention trials have not reproduced and supported the findings of epidemiological studies. Most interventions have been of short duration, $4 mo, and may not have been long enough to demonstrate long-term benefits. Short-term studies provide a glimpse of the relationship of whole grains to health but reveal little in terms of long-term risk reduction. Care must be taken in the interpretation of findings from small, shortterm intervention studies, which often recruit only high-risk participants, including obese individuals and those with diabetes or metabolic syndrome, who may not be affected in the same manner by whole-grains consumption as lower risk individuals consuming whole grains over the long term.
Results from some studies also suggest that whole grains in isolation may not be as effective as when part of an overall healthful diet. Findings for healthful dietary patterns, of which whole grains are a part, are stronger than those for whole grains alone. In the Jang study (47) , serum concentrations of homocysteine decreased by 32% in the dietary pattern group that included whole grains. Recent findings from the Coronary Artery Risk Development in Young Adults study found that during 20 y of follow-up, the correlation between a healthy dietary pattern, which included whole grains, and reduced clinical events was far stronger than that of whole grains alone (81) .
Although there have been no long-term intervention trials with clinical outcomes for whole-grains intake and none are planned, the PREDIMED trial from Spain (82), a long-term, nutritional intervention study of almost 7000 individuals to assess the efficacy of the Mediterranean diet in the primary prevention of CVD, may provide some relevant findings regarding whole grains as part of a dietary pattern and health. The study, which was recently completed could serve as a template for future studies on the health benefits of whole grains. Although not all intervention studies have shown a positive association between whole-grain consumption and health parameters, no epidemiological or dietary intervention studies have demonstrated a negative or adverse effect of whole-grain intake. Even fewer studies have been carried out on the effects of whole-grain consumption on childrenÕs health and there are no (22) .
There are inherent challenges in planning and conducting dietary intervention trials that make it difficult to study the longterm impact of whole grain consumption on health. Recruiting and screening participants is always challenging, but when studying whole grains, the research question should drive the selection of study participants, i.e., should they be healthy or metabolically unhealthy? Is the goal to study potential beneficial effects of whole grains (weight loss, lowering CVD risk, lowering blood pressure) or is it to study public health effects (reducing weight gain, lowering cholesterol concentrations and high blood pressure)? Should participants be normal weight, overweight, or obese? Should they be whole-grain ''naïve,'' i.e., they do not currently consume whole grains? Should they be free-living or should it be in a controlled setting? Another consideration is that blinding may not be possible for wholegrain foods because of texture and taste differences, and control groups may be exposed to whole-grain foods outside the parameters of the study.
A major challenge for both epidemiological and intervention trials is the lack of a valid whole-grain database that can be consistently applied to assess whole-grain intakes and allow for the comparison of study findings. The Harvard School of Public Health developed and continues to expand a database of wholegrain foods with the objectives of quantifying the whole-grain, bran, and germ components of foods; estimating the wholegrain composition of foods with and without bran and germ; and categorizing foods as low (<25%), medium (25-50%), and high (>50%) in whole grains. Foods and cereals in the database range from 0 to 97% whole grains (83) .
Even if a comprehensive whole-grains database were developed, the diversity of whole grains and the products that include them make it difficult for consumers to accurately identify whole grains and whole-grain products. This can lead to inaccuracies in reporting whole-grain intakes in epidemiological studies and free-living intervention studies. The identification of wholegrain biomarkers that would independently reflect intake of whole grains would reduce the measurement errors known to occur with self-reported dietary records.
The development of a strategic research agenda is an important step in bringing together global research efforts, both epidemiological and intervention, to close existing knowledge gaps regarding whole grains and health. To be successful, strategic risk reduction requires focus and cooperation on areas of mutual and international interest along the entire wholegrains supply chain, from field to fork.
Different whole grains = different health outcomes? Most epidemiological studies have been conducted in populations that consume 60-90% of whole grains as wheat; thus, it is easy to assume that the observed reduction in disease risk is attributable to whole wheat. Other whole grains are just as likely to provide health benefits, but carrying out epidemiological studies on the health effects of individual whole grains, such as quinoa, barley, or rye, is difficult, because they are much less commonly consumed and, as with all whole grains, are consumed as part of a mixed diet. Although the findings of intervention studies on the health effects of individual whole grains would be of basic scientific interest, a consistent message needs to be translated to consumers. Demonstrating health benefits of individual grains would shed light on the variety of whole grains available, but the message to consumers should remain the same: eat more whole
Several studies have demonstrated, e.g., that whole-grain oats reduce both total and LDL cholesterol concentrations, accepted risk factors or biomarkers for CVD (84) (85) (86) (87) (88) . In 1997, the U.S. FDA approved a health claim specific for b-glucan-soluble fiber from oats and barley for reducing plasma cholesterol concentrations and the risk of heart disease, the only such grain-specific health claim. In 2004, the United Kingdom Joint Health Claims Initiative allowed a similar health claim (89) . Health Canada approved a similar claim in 2010 as well (90) and the European Food Safety Authority followed suit in 2011 (91) . A recent review examined studies published during the previous 13 y and concluded that oat consumption is associated with an average 5 and 7% reduction in total and LDL cholesterol, respectively (89) . Although consumption of other grains may not result in the same degree of lipid lowering, a variety of whole grains may yield the greatest overall health benefit, potentially due to their synergistic effects. Focusing on dietary patterns that include a variety of whole grains might be the more pertinent approach that would apply to real-world diets and outcomes.
Holistic vs. reductionist approach to whole-grain research. Despite the rapidly growing evidence of a positive association between whole-grain consumption and long-term health, a research gap exists between observational studies and the elucidation of the mechanisms involved, which in some cases remain speculative (74) . However, a synergistic effect of the many bioactive compounds present in whole grains is assumed (92) . The most important groups of the whole-grain phytochemicals are phenolics [phenolic acids, alkylresorcinols (ARs), and flavonoids], carotenoids, vitamin E, g-oryzanols, dietary fiber, and b-glucan (92). These compounds are unevenly distributed within the whole grain, primarily in the bran and germ fractions, and the distribution varies according to the type of grain (74) .
Typically, the study of the health effects associated with whole grains takes either a reductionist approach, in which it is assumed that the dynamics of consuming whole grains can be understood by studying the properties of its parts, or a holistic approach, in which the dynamics can be understood only by examining the system as a whole, relying on the fundamental interconnectedness of biological systems. For whole grains, a reductionist approach would focus on the effects of fiber, lignans, phenolic acids, or phytosterols, e.g., in isolated systems. The concentration of individual bioactive compounds in whole grains is often low, perhaps below the threshold for any significant or lasting physiological effects to occur, even though long-term chronic intake of low concentrations could potentially have a beneficial effect (74) . The reductionist approach may obscure important interrelationships among whole-grain components when whole-grain foods are consumed as part of a mixed diet. The holistic approach examines the health effects in humans of consuming specific types or forms of whole grains as part of an overall diet, but it may make it difficult to elucidate the actions of individual compounds found in whole grains (93) . Although each approach offers unique insights, inaccessible through the other, neither is without limitations.
There are likely any number of mechanisms associated with the potential health effects of whole-grain consumption, which may be mechanical, hormonal, antioxidative, antiinflammatory, anticarcinogenic, or enzymatic or involve cell signaling (74) . In addition, not all grain types or grain particle sizes have the same metabolic effects. Different physical structures yield different jn.nutrition.org metabolic profiles. SCFA production in the colon, as monitored by fecal SCFAs, was found to vary greatly according to grain particle size, whether whole wheat or wheat bran (78, 94, 95) . A finer particle size of the whole grain has been found to both increase (78) and decrease (94) selective bacterial fermentation in the colon. Observed effects will vary depending upon which health outcome or biomarker is measured.
Both the chemical composition and food structure must be considered when studying the health benefits of whole grains. Bioprocessing of wheat bran, e.g., affects colonic metabolism of the phenolic compounds it contains (96) . Distribution of water and air in the cereal matrix also is a key phenomenon controlling mouthfeel, digestibility, and physiological responses.
Nutrigenomics, the study of the influence of dietary interventions on gene expression, protein synthesis, and metabolites in cells, body fluids, and tissues, is a holistic approach that holds tremendous potential for extending knowledge of the protective mechanisms associated with complex foods, such as whole grains (74) . A primary objective of nutrigenomics is to detect and identify early metabolic disturbances that might lead to chronic diseases. Studying the effects of bioactive compounds in whole grains on gene expression, protein synthesis, and metabolites could make it possible to better characterize the metabolic pathways affected by consumption of whole grains (74) . However, there remains a need to relate these findings to established and yet-to-be accepted biomarkers and to health outcomes.
Both reductionist and holistic studies will be needed to elucidate the health benefits associated with whole-grains consumption as well as the mechanisms behind those benefits.
Consumer Barriers to Whole-Grains Consumption
As the knowledge base for the potential health benefits of wholegrains consumption expands, consumer barriers to the acceptance of whole-grain foods remain. Among the barriers to increased consumption are consumer taste preferences, the substitution of whole grains for existing ingredients and in meal patterns, price, availability, and convenience (97) . A stealth approach to substituting more healthful ingredients for less healthful options has been advocated by some to change dietary behavior. In a study of elementary school students in a large suburban school district, whole-wheat white flour was partially substituted for refined wheat flour in pizza crust without negatively affecting consumption and whole-grains consumption increased by nearly a full serving among fifth and sixth graders (98) . While encouraging whole-grains consumption, consumer education efforts need to place greater emphasis on the substitution of whole grains for refined grains rather than simply adding more whole grains, and therefore more calories, to the diet.
In the US, the message consumers generally receive is to purchase products that are 100% whole grain, display the whole-grain stamp (indicating 8 or 16 g/serving of whole grains) or the whole-grain health claim (indicating the food contains $51% whole grains by weight per RACC), or have whole grains listed as the first ingredient on the label. However, food products that contain lesser amounts of whole grains may make significant contributions to whole-grain intake and should not be discounted. Not taking those foods into account in dietary assessments can lead to underestimation of whole-grain consumption. The issue then becomes whether the message to take into account foods containing lesser amounts of whole grains would be confusing to consumers and make it even more difficult for them to judge whether they are consuming enough whole grains. Furthermore, in addition to the whole-grain content of the product, it is also important that the overall nutritional profile of the product (calories, fat, sugar, sodium) be taken into consideration when making whole-grain product recommendations to avoid unintended consequences. Also, it is important to emphasize substitution of refined grain products with whole-grain products rather than addition to current dietary intake practices to maintain calorie balance. The 2010 Dietary Guidelines recommend that at least half of recommended total grain intake be whole grains. For many, that is ;3 servings/d (3 ounce equivalents = 48 g). In general, a 1-ounce equivalent from the grains group would translate to1 slice of bread, 1 cup of ready-to-eat cereal, or 1/2 cup of cooked rice, cooked pasta, or cooked cereal, 1 tortilla (6-inch diameter), or 1 pancake (5-inch diameter). Fewer than 5% of Americans consume this minimum recommended amount of whole grains. Although food products that contain <8 g/serving of whole grains still contribute to the whole grains recommendation, the magnitude of that contribution cannot be captured using traditional dietary assessment methods such as FFQs. An analysis of dietary intakes in the UK in 2000-2001 suggested that 73% of whole-grain intake came from foods with $51% whole grains, 17% came from foods with 25 to <51% whole grains, and the remaining 10% was from foods with <25% (9) .
The summit endorsed the need to standardize serving sizes both in the US and internationally (RACC vs. MyPlate vs. 1-oz equivalents vs. g whole grains/100 g or per serving) as well as to standardize definitions for what constitutes a whole-grain food.
As it now stands, there are whole-grain standards for public health communications and policy, for nutrition labeling, and for health claims linked to specific products. The situation is confusing for both consumers and health professionals. These vary greatly from country to country, indicating a need for establishing international standards. Internationally, a fair but incomplete agreement of the definition of whole grain as a raw material exists, although official definitions are available in only a few countries. For food products, the situation is much less consistent and compared with that for raw materials, fewer definitions and regulations exist.
A whole-grains stamp program developed by the Whole Grains Council in the US enables consumers to easily identify whole-grain products that contain either 8 or 16 g of whole grains per serving by the presence of a unique stamp on products. Although the use of the stamp is growing, it is not universal and consumers may be unaware of its meaning and not be actively seeking out products that display the stamp. It is currently used in 35 countries outside the United States, including Argentina, Canada, China, Colombia, France, Greece, Ireland, Mexico, Netherlands, New Zealand, Poland, Singapore, Taiwan, UAE, UK, and Venezuela. Approximately 15% of all products using the whole-grain stamp are found outside the United States (99) .
Efforts are underway to increase consumer education as to the importance of consuming whole grains through targeted messaging based on the 2010 DGA. Another of the primary messages of the 2010 DGA is to reduce sodium intake to #1500 mg/d (1) . Most of the sodium in the American diet comes from baked goods as well as most of the fiber, which was identified as a short-fall nutrient by the Dietary Guidelines (3). This presents a nutrition/taste conundrum, i.e., how to increase whole-grain and fiber consumption yet retain the familiar taste consumers
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Another obstacle to increasing whole-grains consumption is the avoidance of all grain products, which is a growing global phenomenon because of real or perceived gluten intolerance or celiac disease, an inflammatory state of the small intestine that occurs in genetically predisposed individuals. Projections are that U.S. sales of gluten-free foods and beverages will exceed $5 billion by 2015 (101) . Gluten is the seed storage protein found in the endosperm of wheat, barley, and rye. There is no cure for celiac disease, but the exclusion of all dietary gluten resolves symptoms and allows healing of the mucosal lining of the small intestine. Celiac disease has been described as the result of a collision of genes and diet, a genetically determined autoimmune disorder triggered by a dietary staple (102) . The condition rarely affects minority groups, but has been estimated to affect 1% of non-Hispanic whites in the US and the incidence is on the rise. There has been a substantial, almost 5-fold increase in the true prevalence of celiac disease over the last 50 y, affecting all ages (103) . In addition, an unknown percentage of individuals may have non-celiac gluten sensitivity, in which they experience gastrointestinal symptoms in response to eating gluten-containing foods. Although celiac disease can be readily detected by blood tests for IgA, tissue transglutaminase antibodies (tTga) and confirmed by biopsy, most cases remain undetected (104) . One study of >5000 German men and women found that individuals with elevated IgA anti-tTG antibodies had an increased risk of mortality, particularly due to cancer (105) . A study of almost 7000 Finnish adults, however, found no increased risk of mortality among tTGA-positive individuals, but they had a greater tendency to die from lymphoma (106) .
It is unclear whether the increase in celiac disease is the result of a true increase in prevalence or merely better testing that has resulted in increased detection. It has been suggested that the increase could be due to increased wheat consumption, changes in wheat processing, or alterations in wheat genetics, or it could be due to unrelated environmental factors. Whatever the root cause of the increase, reduced intake of whole-grain wheat products could result in a decreased intake of whole-grain foods and the accompanying fiber and nutrients. Although the incidence of celiac disease is on the rise, there is also a growing number of individuals who avoid grains in the unsubstantiated belief that they suffer from gluten intolerance, making it even more difficult to meet dietary recommendations for whole-grain intake.
Consistent definitions of what constitutes a whole-grain product, uniform identification of whole-grain products, including those that contain lesser amounts of whole grains, identification of standardized serving sizes, and collaborative consumer education efforts on avoidance of grain products are needed to overcome some of the existing barriers to increasing consumption of whole-grain products.
Research Challenges Ahead
Although short-term studies are informative, long-term studies are needed for health benefit substantiation. Designing and funding long-term intervention studies to examine the association of whole grains and health, however, is a formidable endeavor. Even if funding were readily available, challenges associated with implementation must be overcome, including the inability to blind participants to the presence of whole grains in an intervention, the lack of compliance among participants, the lack of a standardized database to assess whole-grains intake and analytical tests to measure whole-grain content of foods, the lack of reliable surrogate markers for whole-grains intake, and the need to elucidate methods for accurately assessing how whole-grain foods relate to surrogate health outcomes, such as cholesterol concentrations.
Plasma ARs and urinary AR metabolites are currently being investigated as potential biomarkers for intake of whole-grain wheat and rye. ARs are a group of phenolic lipids mainly found in the outer bran layer of whole grains, and blood concentrations are reflective of recent intake. The WHOLEheart study found that plasma ARs increased with increasing intake of whole grains and that plasma concentrations could be used to distinguish between low and high whole-grain consumers (107) . Potential biomarkers also exist for oats (avenathramides) and whole-grain rice (g-oryzanol), but both may be problematic because of low concentrations in foods. Little is known about the metabolism of avenathramides, and absorption of g-oryzanol is thought to be low (108) . No unique, affordable, and relevant compounds have yet been identified in other key food grains, including corn, which is one of the main sources of whole grains in the U.S. population. Corn contains carotenoids, which have proved to be reliable indicators of fruit and vegetable intake, but none are unique to corn.
A standardized classification of whole-grain foods and a comprehensive nutrient database would address some of the methodological issues associated with accurate estimation of whole-grains intake. It has been suggested that combining valid biomarkers found in blood and urine with self-reported intakes could provide unbiased estimates of diet-disease associations (109) . In addition to providing a way to associate whole-grains intake with health benefits, valid biomarkers would provide surrogate measures for intakes in population-based studies when no accurate dietary records are available (107, 110) ; it could confirm adherence in intervention studies (45) and possibly identify noncompliers.
The particular amount of whole-grain foods needed to confer health benefits is unclear due to difficulties in accurately assessing whole-grains intake in population studies. A study is currently underway at Newcastle University, UK (111) to investigate possible biomarkers (known and yet to be validated) of whole-grains intake and to find if certain substances present in whole grains are absorbed in the gut and appear in the blood and urine (111) .
Given the difficulties in gathering evidence from intervention studies, the question arises whether observational studies should be relied upon to determine health benefits of whole-grains consumption, but observational studies present obstacles of their own. Although the FDA has defined whole grains, there is still disagreement as to what constitutes a whole grain in studies. Outdated and incomplete food databases are commonly used in both dietary intervention and observational studies. The development of an accurate, reliable, and up-to-date nutrient database for whole grains and foods that contain whole grains, akin to the Harvard whole-grains database, would require cooperation among government agencies, academic researchers, horticulture and agriculture professionals, and the food industry (112) . Differences in whole-grain food definitions and measurements of whole grains and an inability to account for consumption of
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Further research is needed with large-scale longitudinal studies, measuring surrogate risk markers at multiple times, involving ethnic groups, children, adolescents, and senior adults. There is a need to adopt a common system for conducting intervention studies, including methodology for collecting samples and standardization of research diets and for defining what a whole-grain food is.
For research efforts to be successful, all parties must reach across borders and collaborate on ways to improve the understanding of the health benefits of whole grains. Within the European Union, the HEALTHGRAIN Forum, a joint programming and action effort of 19 countries and 58 research and business partners, is underway to: 1) establish a consensus regarding the health benefits of whole grains; 2) develop better analysis and descriptors of cereal-based foods; 3) develop technologies to preserve health components of whole grains; 4) improve food composition tables allowing for more precise consumption data; 5) improve observational data analysis allowing for statements on country-and grain-specific health interpretations; and 6) disseminate information on generally accepted health benefits (health professionals, governmental agencies, policymakers, and industries) and improve consumer communication that is supported by all EU stakeholders. The ultimate goal is to reduce confusion by establishing one vision for research and communication (113) . It is clear that these multiple tasks cannot be covered by one single company, university, funding agency, or even one country.
In the future, study data may need to include information on the physical and chemical characteristics of the whole grain that can affect digestion, insulin and glucose response, and gastric motility; the precise amount consumed; and observed health benefits based on biomarkers and related clear study endpoints. A comprehensive whole-grains database that would accurately assess intake both in population and intervention studies would help achieve these goals.
Whole-Grain Technological Challenges
Although studies investigating the association between consumption of whole grains and health outcomes are essential, research into the development of improved technologies for processing whole grains to create more palatable whole-grain food products that consumers will accept is equally important. However, barriers exist that the industry must first overcome before it can reach its full potential and facilitate the mandate of the 2010 U.S. Dietary Guidelines for consumers to consume more whole grains. Several considerations come into play when delivering whole grains to consumers, among them product quality, taste, serving size, availability, stability of the food, other ingredients required, processing, and, lastly, consumer acceptance. To increase consumer acceptance of whole grains, it is important to optimize the flavor, color, and texture of foods made with whole-grain ingredients. As with most food product categories, health aspects of a food have a lower priority in the consumerÕs mind than taste, convenience, or price (114) . However, the formulation and processing of foods made with whole grains differ from and can be more challenging than those made with refined grains.
Although the technology to create healthful, whole-grain foods exists, the higher costs of whole grains, as well as the challenges presented in developing products acceptable to the broad range of consumer tastes, have constrained the food industry and slowed progress toward creating a broader range of available whole-grain foods. Production processes and equipment would need to be tailored to increased production of whole-grain products, but it is difficult to make considerable, large-scale changes in processing facilities because of costs. In addition, challenges exist regarding the amount of whole grains that realistically can be incorporated into a food in order to qualify for the whole-grains stamp. It is much easier, e.g., to incorporate 8 g (1/2 serving) of whole grains into a cracker when the serving size is 30 g than when the serving size is only 15 g.
Crop breeders must also join in the discussion of whole grains and health. Modern wheat cultivars have been bred for high white-flour yield, disease resistance, and food quality attributes unrelated to health. Wheat is currently considered a commodity, which keeps costs down, but it also holds back development of more nutritious ingredients. If the industry were to shift its focus to wheat as an ingredient rather than a commodity, it would be more inclined to generate new varieties with improved nutritional profiles. This is evident from the Australian program, which has led to the introduction of a novel barley high in total dietary fiber and resistant starch. A high-resistant starch wheat is currently under development. Such changes, however, are complex and expensive; new product innovations can take several months to several years to develop and do not come with guarantees that they will appeal to consumers (115) .
It is imperative that lines of communication be established from consumer to processor and from processor to breeder. The goal is to facilitate the targeted breeding of wheat for improved human health by integrating screening for known bioactives into the screening protocol; evaluating the effects of these compounds on mammalian metabolism through cell culture, animal, and clinical trials; and to link the effects to specific regions on the wheat genome that can be targeted by plant breeders. This type of communication is currently taking place within the global oat-breeding program, where breeders are focusing on developing high-fiber, high-b-glucan, and low-fat varieties. The entire oat research community and stakeholders have come together collectively to support the project. It promises to transform the future of oats by giving oat breeders the ability to make markerassisted selections, growers another crop option, millers greater oat availability, and consumers continued access to a safe, hearthealthy, whole-grain food product (116). Their efforts could serve as a template for developing new cultivars of wheat and other whole grains with combined health, agronomic, and technological benefits. Breeders could also benefit from input from nutritionists as to which breeding objectives are the most nutritionally relevant.
Enhanced communication must also take place among manufacturers and distributors along with key players in government, industry, and foodservice establishments. These discussions must factor in rising energy and food-related costs, the increasing incidence of chronic diseases among both children and adults, and escalating health care costs. Future research should examine ways to improve consumer communication and acceptance of whole-grain foods to improve the industryÕs path to innovative product development, while bearing in mind the implementation of nutrition policy and regulatory recommendations and restrictions (117) .
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As the industry moves forward in developing healthier, whole-grain foods, cost considerations cannot be ignored, but the products benefit no one if they fail to provide the taste profile consumers expect. If these issues were to be resolved and consumer demand for whole grains were to increase, breeders, growers, and processors must ensure that the supply is able to keep up with demand. A shift in the food supply would be essential to meet such an increase in consumer demand for foods that are healthful, affordable, and practical. All sectors of the supply chain must form a working partnership to make it happen.
The grains community has a long history of working with public health officials to enhance the food supply in response to nutrient needs. Flour enrichment and fortification have decreased public health problems related to B-vitamin and iron deficiencies and, more recently, neural tube defects. A unified commitment by all parties is needed to create a sustainable food environment that ensures that new grain-based foods will also meet consumersÕ demands for convenience and good taste. The inclusion of more whole grain should also emphasize a more healthful overall food profile, such as smaller portion size, less caloric density, and lower sodium, that more closely meets dietary guidance. For this to take place, it will be necessary to build multi-sector partnerships across the food supply chain and embrace ''shared value,'' i.e., developing and delivering betterfor-you grain-based foods to consumers that will contribute to the good of business and to the well-being of society.
Consumers have been the traditional focus of educational efforts regarding whole grains. However, all segments of the food delivery system, from science (theory) to consumers (practice) must be engaged in these efforts. This will require contributions from interdisciplinary members of the supply chain combined with a formal infrastructure for disseminating information, clearly stated goals, clarification of individual and group roles, and the establishment of criteria for levels of whole grains in foods determined by an inclusive process.
A gradual, upward shift in the amount of whole grains incorporated into foods could provide a viable process for increasing the availability of healthful, whole-grain foods for consumers, particularly for underserved populations. Additionally, this would allow the industry to rise to the challenge put forth by the 2010 Dietary Guidelines Advisory Committee to make the healthy choice the easy choice and set the stage for increased consumption of whole grains to be an integral component of the 2015 DGA.
Accommodating an increased demand for whole-grain foods will take time to accomplish and the industry must work together to make incremental changes throughout the supply chain to create more healthful food products and make them available to consumers. A 10-to 15-y time frame would permit all sectors involved to adapt to the changes. This is a unique opportunity for the grain industry to set an example for how to effectively and efficiently translate nutrition policy into healthy products on grocery shelves.
Conclusion
The 2010 DGA clearly advocate increased consumption of whole grains for health. This is an incremental step in the promotion of whole-grain consumption to improve health status. The evidence of a positive role for whole grains in disease prevention continues to reinforce and solidify that recommendation, particularly with regard to prevention of CVD, but also shows promise for preventing type 2 diabetes, reducing hypertension, and aiding in weight regulation. Evidence is also emerging for the role of whole grains in lowering the risk of colorectal cancer. A greater understanding of the role of whole grains in health brings greater complexity to the problem, but it also offers new avenues of research. Studies are currently underway to identify and validate biomarkers of whole-grains consumption, not only to verify and confirm compliance with research protocols, but to assess intake of whole grains among the population, when accurate dietary intake assessment data are not available. It is imperative that whole-grain foods are accurately and uniformly characterized in studies and that evidence of health benefits be evaluated using well-developed whole-grain dietary/nutrient databases. Establishing an internationally accepted definition for whole grain foods and a comprehensive whole-grains database would make comparative evaluations of studies from around the world feasible.
Gaining a common understanding of whole-grain definitions, dietary guidance and intake, consumer behaviors, how whole grains travel from field to fork, evaluating whole grainsÕ health benefits with state-of-science methodology, and creating collective solutions for public health are imperative for the future. Researchers must continue to plan, seek funding for, and implement studies on whole grains and health to solidify the knowledge base and fill knowledge gaps that currently exist. These efforts would be most beneficial if coordinated and shared internationally.
A great deal of progress has been made in recent years, but more research is needed to elucidate how whole grains work in the context of a mixed diet. Long-term intervention trials would be the ideal approach for measuring the effect of whole-grains consumption on health but are unlikely given the financial and logistical hurdles they would entail. Although randomized, controlled trials are still considered the gold standard for measuring the effect of diet on health outcomes, it is important to recognize the strength of observational cohort studies that show positive associations of whole grains and health. The findings from observational studies provide a framework to generate hypothesis-driven research questions to be answered, but higher intakes than are usual among the population may be necessary to observe highly significant differences in health outcomes, especially problematic when studying healthy populations and disease prevention is the outcome studied.
Consumers cite color, price, texture, and taste as major reasons they do not choose whole-grain products. It is up to public health officials and the food industry, together with grain breeders, food scientists, nutritionists, and educators to develop and promote whole-grain foods that appeal to the consumer. One approach would be to substitute whole-grain flour for refined flour in small amounts to bring about a meaningful impact on whole-grain intake at the population level. The overwhelming majority of flour is milled to produce refined flour. For increased availability and promotion of whole-grain foods to be most effective, public health officials and policymakers must understand that food companies will require a ''transition period'' to bring a large selection of better-for-you, whole-grain products to market, occurring in stages over an extended period of time. Both chemical composition and food structure must be considered in the development and processing of palatable, health-promoting grain foods. While research continues, it is important to encourage whole-grain consumption as an important part of improving diets of the population as a whole and to remain cognizant of the limits of adaptability of
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Effective, long-term, public-private partnerships are needed to reach across the globe to galvanize the whole-grains community and collaborate effectively in translating whole-grain science into strategies that increase the availability and affordability of healthier grain-based food products. A prerequisite of that is the need to build trust among diverse multidisciplinary professionals involved in the growing, producing, and marketing of whole-grain products and between the grain and public health communities.
A number of issues were raised at the summit that remained unresolved. Several present potential future research opportunities in the areas of health nutrition, food technology and planning future studies.
Health and Nutrition Research. One of the issues repeatedly raised at the summit was the need to better understand the benefits of the whole-grain package, not just its individual components. Studies will need to be conducted to elucidate the possible synergistic effects of the individual whole-grain components as well as the impact of whole-grain consumption on overall diet quality and to identify the minimum amount of whole grains that is likely to confer health benefits. As celiac disease and self-imposed gluten avoidance are becoming increasingly common, research is needed to determine if avoidance of all gluten-containing products negatively affects nutrient intake and nutritional status. Education about gluten sensitivity is essential to prevent consumers from unnecessarily rejecting potentially beneficial whole-grain products.
Considerations for Health and Nutrition Research. Before research can provide answers, there are several study design issues that must be addressed, such as whether short-term studies can provide a clear picture of the health benefits of whole grains consumed as part of a healthful diet over the long term. In addition, the optimal study design to demonstrate cause-andeffect relationships with whole grains is difficult, for many reasons, to conduct. The isolation and identification of biomarkers of whole grains to provide tools to consistently measure consumption and compliance in intervention studies is needed. Also needed is a comprehensive whole-grain nutrient database derived from collaborative efforts of researchers and industry. From a broader perspective, collaborative discussions are necessary among those in the research community regarding the benefits of a reductionist compared with a holistic approach when studying the health attributes of whole grains.
Technology. The point was raised at the meeting that there is a need for breeding programs that will result in whole grains with improved health attributes, i.e., higher concentrations of nutrients or phytochemicals. More effective approaches must be developed for the incorporation of whole grains into different food matrices without negatively affecting consumer acceptance.
All of these must be addressed via a strategic research agenda that occurs in stages.
Stage I could include the establishment of core working partnerships from all sectors and disciplines within the grain community, including consumer groups.
Stage II would be to identify gaps that exist in delivering more healthful whole-grain foods that are well accepted by consumers.
In Stage III, collaborative partners would work together to define potential areas of research and define targets for research along the whole-grain supply chain.
Stage IV could consist of helping researchers connect current issues related to efficacy, affordability, practicality, and desirability with whole-grain issues. And in the fifth and final stage, research would be conducted and the findings applied to the development and delivery of more healthful whole-grain foods into the marketplace.
It will take the cooperation and coordination of all sectors of the grain industry over an extended period of time to ''get it right.'' However, a well-planned strategic research agenda carefully designed to fill knowledge gaps and help inform dietary guidance, coupled with renewed efforts from the grain industry, from farm to fork, to develop more whole-grain products that meet consumersÕ lifestyle and tastes, and combined with nutrition education efforts that encourage the consumption of whole grains will ultimately have far-reaching effects on global health.
